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We have used a femtosecond pump-probe impulsive Raman technique to explore the polarization dependence
of coherent optical phonons in highly-purified and aligned semiconducting single-wall carbon nanotubes (SWC-
NTs). Coherent phonon spectra for the radial breathing modes (RBMs) exhibit a different monochromatic
frequency between the film and solution samples, indicating the presence of differing exciton excitation pro-
cesses. By varying the polarization of the incident pump beam on the aligned SWCNT film, we found that
the anisotropy of the coherent RBM excitation depends on the laser wavelength, which we consider to be
associated with the resonant and off-resonant behavior of RBM excitation.
PACS numbers: 78.47.J-, 63.22.Np, 63.20.kd,
Single-wall carbon nanotubes (SWCNTs) are the sim-
plest forms of carbon nanotubes, existing as essentially
1-D systems formed by folding and conjoining two ends of
2-D graphene sheets. SWCNTs display exceptional me-
chanical, electrical and optical properties. One area of
particular interest of SWCNT characteristics is in their
varying electrical properties, either metallic (m-SWCNT)
or semiconducting (s-SWCNT), based on their chirality1.
SWCNTs are expected to have tremendous applications
over a broad range of fields including chemical sensors2
and nano-machines applied to medical science3. Another
interest, which we attempted to explore in this study,
lies in discerning the optical phonon modes of SWCNT,
because of their potential for optical manipulation of
structures4,5.
Coherent phonon spectroscopy6, stimulated and eval-
uated by ultrafast pump-probe technique, can be used
to study SWCNT carrier dynamics and evaluate their
diameter size7. Samples of SWCNTs are often ob-
tained as mixtures of both m-SWCNTs and s-SWCNTs.
In such mixtures of SWCNT, the complexity of differ-
ent electronic band structures as well as the distribu-
tion of nanotube diameters make the optical response
a multi-peak function, as has been observed by Raman
spectroscopy8,9. Coherent phonon spectroscopy can thus
be used to evaluate the spectrum corresponding to the
distribution of the diameters in a sample as well as
elicit concurrent expansion and contraction along the
length of the SWCNT, exciting the radial breathing mode
(RBM)10–15.
It is well known that coherent phonon spectroscopy
exhibits a large anisotropic phonon response depen-
dent upon the polarization of excitation light10,16,17.
However, little is known about the behavior of pure
a)Electronic mail: mhase@bk.tsukuba.ac.jp
(metal/semiconductor separated) SWCNT samples ex-
cited at resonant and off-resonant wavelengths. In this
paper, we present the investigation of the anisotropic
properties of two pure and separated s-SWCNT samples,
one as an aligned film and the other as a dispersed solu-
tion. The samples were excited and probed under reso-
nant (810 nm) and off-resonant (850 nm) conditions (Fig.
1) using coherent phonon spectroscopy. Our current re-
sults reveal that there are spectral differences between
the s-SWCNT solution and film samples in the coherent
RBM due to the different resonant conditions for exci-
tons. The coherent phonon dynamics also exhibit the
effect of resonance on the polarization dependence of the
RBM intensity such that the polarization anisotropy is
more intense under resonant excitation at 810 nm. To
the best of our knowledge, this behavior has not been
previously observed in pure SWCNT samples.
The samples of SWCNTs were produced via a high-
pressure catalytic CO decomposition (HiPco) process.
Sodium dodecyl sulfate (SDS) was used to disperse SWC-
NTs in an aqueous solution. The SWCNTs were then dis-
persed by ultrasonication for 1 hour, yielding a SWCNT
density of 1 mg/ml. After the ultracentrifugation at
210,000 × g for 1 hour, upper 70% of the supernatant
was collected and then poured on a column containing
gel (Sephacryl S200) to separate the SWCNTs into m-
SWCNTs and s-SWCNTs18.
The aligned s-SWCNT films were prepared by immers-
ing a glass sample slide vertically into the separated s-
SWCNT solution19. Fig. 1 shows the absorption spectra
of s-SWCNT for the film and solution samples. The char-
acteristic bands at 580 - 900 nm are assigned to the S22
transition. Peaks corresponding to the exciton bands20
and background caused by pi-plasmon resonant absorp-
tion are clearly visible21. The spectrum of the film ex-
hibits red-shifted and broader exciton bands, compared
to the solution, which can possibly be explained by the
effects of Van der Waals interactions or dependence of
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FIG. 1. (color online) Absorption spectra of the s-SWCNT
film and solution in the visible to near-infrared region. The
spectra of the laser (peaks at 850 nm and 810 nm) are also
shown with gray and white colors to understand which exci-
tonic resonance is excited by the laser in each case; * repre-
sents the resonance in the film and † is that in solution when
the central wavelength is 850 nm.
the dielectric function due to the surroundings22–24.
Time-resolved transient transmission ∆T/T and re-
flection ∆R/R of the sample were measured by employ-
ing a fast scanning delay technique25,26 using a mode-
locked Ti:sapphire laser. Nearly collinear pump and
probe pulses (20 fs pulse duration; 80 MHz repetition
rate) were focused to a 70 µm spot onto the sample27.
The average power of the pump and probe beams were
fixed at 40 and 3 mW for the transmission and reflection
measurements, respectively. The transient transmission
and reflection were recorded as functions of time delay τ
between the pump and probe pulses. We utilized an op-
tical pump-probe technique with two different excitation
wavelengths, 810 nm (strongly resonant for the SWCNT
film) and 850 nm (off-resonant for SWCNT film, but
near-resonant with SWCNT solution). Thus, we were
able to investigate the effects of resonant and off-resonant
excitation on the dynamics of coherent RBMs in highly
purified s-SWCNTs. The polarization angle of the pump
beam (θ) was varied from 0◦ to 90◦ by manually rotating
the half-wave plate, while that of the probe beam was
kept at 0◦, where θ = 0◦ means the polarization is paral-
lel to the SWCNT alignment and θ = 90◦ corresponds to
the polarization is perpendicular to the SWCNT align-
ment.
Figure 2(a) shows the time-resolved ∆R/R and ∆T/T
signals observed in the s-SWCNT film and solutions, re-
spectively. The laser wavelength used was 850 nm. The
coherent RBM oscillations were observed in both sam-
ples with a much larger amplitude for the case of the
SWCNT film. The RBM oscillations were well fit to
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FIG. 2. (color online) (a) Time-resolved ∆R/R and ∆T/T
signals observed in s-SWCNT film and solutions at 850 nm.
The black solid lines represent the fit with damped harmonic
oscillations. (b) FT spectra obtained from the time domain
data in (a). The FT intensity for the solution is magnified by
a factor of 18.
a linear combination of three damped harmonic oscilla-
tions (Fig. 2(a) black line). One aspect to notice from
the obtained parameters is that the relaxation time of
the dominant coherent RBM oscillation in the film (1.6
ps) is significantly shorter than that of the solution (2.2
ps), which can be interpreted as being associated with a
larger phonon damping in the aligned films due to the
stacked structure of the aligned film19. Also the data
shows that the coherent RBM in the film exhibits less
beating between multiple modes than those of the un-
purified solutions10,13,27, which is explained by the high
purity of the s-SWCNT sample.
In order to investigate the dynamics of the coherent
RBM, the time-domain data in Fig. 2(a) were converted
into FT spectra, as displayed in Fig. 2(b). The FT spec-
tra indicate that the main peak appears at 7.2 THz for
the film sample while for the solution sample the response
intensity drops by an order of magnitude and the peak
appears at 6.4 THz. The observation of the monochro-
matic coherent RBM in the present study for both the
film and solution verifies the high purity of our sample,
so that only a single chirality RBM is excited. The fre-
quency change (0.8 THz) of these main peaks can be
3understood by the difference in the absorption peaks cor-
responding to the resonant excitons as shown in Fig. 1.
Considering the laser spectrum used in the present study
(Fig. 1), the photo-excitation should occur dominantly
at 810 nm exciton peak in the SWCNT film, while the
excitation should occur at 860 nm exciton peak in the
SWCNT solution. Thus the difference in the exciton res-
onance is considered to be a result of the difference in
the diameter Rt of the excited SWCNT. In fact, the fre-
quency of the RBM (ωRBM ) estimated from the relation
between the photon energy28 and the tube diameter Rt
in the Kataura’s plot29 and the relation of ωRBM = 7.44
[THz]/Rt [nm]
27, is 7.22 THz for the film and 6.47 THz
for the solution, which are in good agreement with the
experimental results in Fig. 2(b). Note that the change
in tube diameter by pressure effect due to the bundle
structure (film) cannot account for the 0.8 THz difference
of the RBM frequency because the RBM shift has been
found to be only ∼ 0.2 THz even at 1 GPa pressure30.
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FIG. 3. (color online) (a) Comparison of the time-resolved
∆R/R signals observed in the film of s-SWCNT at different
polarization angles. (b) Corresponding FT spectra obtained
from the time-domain data in (a).
Figure 3 compares the coherent RBM oscillations ob-
served in the aligned film excited by 850 nm light at
different pump polarization angles, indicating the polar-
ization dependence of the RBM amplitude, as has been
observed in a similar experiment17. The FT spectra of
the coherent RBM oscillations were obtained as shown
in Fig. 3 and the integrated spectral intensity was plot-
ted in Fig. 4 for the two different excitation wavelengths
(810 nm and 850 nm) after normalization of the integral.
The data were well fit to the phenomenological function
Acosp(θ), where A is the intensity, p is the fitting pa-
rameter, and θ is the polarization angle. Considering p
is determined by the slope of the integrated FT spectra
data, it indicates the degree of anisotropic dependence.
Thus a larger p value, and hence a steeper slope, indi-
cates a greater anisotropic dependence, while a lower p
value indicates reduced anisotropic dependence. In the
case of off-resonant excitation at 850 nm, the value of
the fitting parameter p is 2.1± 0.1, while p is 3.7± 0.3
for near-resonant excitation at 810 nm31. Booshehri et
al. reported that p is ≈ 3.6 in the case of the resonant
excitation for a film sample made of the mixture of m-
SWCNTs and s-SWCNTs, although it must be noted
that sample preparation and hence the actual film struc-
ture was significantly different for ours. Booshehri et al
further predicted the p value based on a theoretical model
and found that p ≈ 4 for the resonant excitation with E44
transition17. A plausible reason why the value of p is ∼ 2
for the case of off-resonant excitation is that there is less
contribution from the exciton absorption and dominant
contribution from the free carrier absorption due to pi-
plasmon interactions provide the dominant response; the
latter has less anisotropy than the former. Note that the
value of p is ≈ 2.2 - 2.4 in the case of the s-SWCNT solu-
tion, implying a A[1+ cos2(θ)] behavior as demonstrated
in SWCNT solutions10.
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FIG. 4. (color online) FT integral of the RBM peak at 7.2
THz for the two different wavelengths as a function of pump
polarization.
In summary, we have explored the ultrafast dynam-
ics of coherent RBM in real time using the femtosecond
pump-probe technique in well-aligned SWCNT film. Co-
4herent phonon spectra for the RBM exhibit the different
monochromatic frequency between the film and solution
samples because of the presence of differing exciton res-
onances. By varying the incident pump polarization on
the aligned SWCNT film, we found that the anisotropy of
the coherent RBM excitation depends on the laser wave-
length, which we consider to be associated with the res-
onant and off-resonant behavior of RBM excitation.
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